Abstract Walking is impaired in Pregnancy-related Pelvic girdle Pain (PPP). Walking velocity is reduced, and in postpartum PPP relative phase between horizontal pelvis and thorax rotations was found to be lower at higher velocities, and rotational amplitudes tended to be larger. While attempting to confirm these findings for PPP during pregnancy, we wanted to identify underlying mechanisms. We compared gait kinematics of 12 healthy pregnant women and 12 pregnant women with PPP, focusing on the amplitudes of transverse segmental rotations, the timing and relative phase of these rotations, and the amplitude of spinal rotations. In PPP during pregnancy walking velocity was lower than in controls, and negatively correlated with fear of movement. While patients' rotational amplitudes were larger, with large inter-individual differences, spinal rotations did not differ between groups. In the patients, peak thorax rotation occurred earlier in the stride cycle at higher velocities, and relative phase was lower. The earlier results on postpartum PPP were confirmed for PPP during pregnancy. Spinal rotations remained unaffected, while at higher velocities the peak of thorax rotations occurred earlier in the stride cycle. The latter change may serve to avoid excessive spine rotations caused by the larger segmental rotations.
Introduction
Evidence is growing that Pregnancy-related Pelvic girdle Pain (PPP) is a distinct clinical entity, the exact causes of which still remain unknown [26, 27] . Total prevalence of PPP during pregnancy has been estimated at 22.5% [41] , with 10% of patients having mild symptoms only, 10% deserving at least some medical attention, and 2.5% having serious pain and/or disability [28] .
Women with PPP suffer from deep gluteal pain [24] , pain during provocation tests [9, 32] , and pain in a variety of locations that often change over time in the individual patient [10, 20] . There is strong evidence that strenuous work, previous low back pain, and previous PPP are risk factors for the emergence of PPP [41] , which appears to suggest a causal role for mechanical trauma (or microtraumata), quite possibly related to the loosening of the connective tissues by the pregnancy hormone relaxin [11] . Indeed, several structural abnormalities have been observed, e.g., vertical displacement of a pubic bone (''symphyseal step'') was reported while patients were standing on one leg [22] , and laxity of the sacroiliac joints appeared to be asymmetric [5] , probably related to painful tension in the long dorsal ligaments [38] . Still, in different patients, and in the same patient at different times, different structures appear to be involved [9, 20] , and the aetiology of PPP is probably multifactorial [25] [26] [27] .
Women with PPP often have difficulties in performing Activities of Daily Living, such as housework, exercise, activities with the children, employment, leisure/hobbies, and personal relationships or married life [17] . Many patients cannot walk quickly or cover long distances [6, 8, 21] . Moreover, during walking, women with PPP reported a sensation as if hip flexion were temporarily blocked (a ''catching'' sensation [35] ). The feeling ''as if the leg is paralysed'' during the Active Straight Leg Raising test [22] may be related to this phenomenon. These unusual findings appear to suggest problems in the control and/or coordination of walking.
So far, motor control and coordination during gait have been studied in postpartum PPP only [40] , where large inter-individual differences were reported, and maximum and comfortable walking velocity were found to be reduced. The amplitudes of horizontal pelvis and thorax rotations during gait tended to be larger in postpartum PPP, which is different from low back pain, where these rotations were reported to be normal [13, 15] , and clearly opposite to healthy pregnant gait, where rotations tended to be smaller [42] . Furthermore, in postpartum PPP relative phase between horizontal pelvis and thorax rotations was lower at the higher walking velocities, just as in low back pain [13, 15] , that is to say, pelvis and thorax rotations in the same direction occurred more at the same time.
Recently, the mechanism underlying pelvis-thorax relative phase was investigated in healthy subjects [3] . It was found that pelvis rotations are relatively out-of-phase with the pendular movements of the leg at lower walking velocities, but more in-phase with the leg at higher velocities, while thorax rotations remain more or less outof-phase with the leg at all velocities. This explains why pelvis-thorax relative phase is low at lower walking velocities, and higher at higher velocities. In postpartum PPP this mechanism appears to be altered, but it remains unclear how. Moreover, we do not know if the same phenomenon occurs in PPP during pregnancy.
The aim of the present study was to characterize gait in PPP during pregnancy. First, to see if the findings of the postpartum study could be confirmed for pregnant women with PPP. Second, to see how the coordination of trunk rotations changes in PPP. We compared gait in healthy pregnant women with gait in pregnant women with PPP, focusing on walking velocity, rotational amplitudes, their relative phase, and timing, and inter-subject variability.
Methods

Selection procedures
Volunteers were recruited by word of mouth and flyers at the Department of Obstetrics and Gynaecology and the Department of Orthopaedic Surgery (both of the Vrije Universiteit Medical Centre), the Faculty of Human Movement Sciences (Vrije Universiteit), and clinics of Exercise Therapists Mensendieck in Amsterdam. Women who expressed themselves to be interested in the study received an information package. If then they decided to participate, they signed the informed consent statement, and were seen by an orthopaedic surgeon who determined their status as patient or healthy control, and registered age, weight (at the time of the investigation), height, week of pregnancy, parity, and health status. The protocol was approved by the Ethical Committee of the University Hospital.
Included were pregnant women between weeks 20 and 34, inclusive, and between 20 and 45 years of age, inclusive. Exclusion criteria were orthopaedic or neurological problems with walking other than PPP; surgery of the lumbar spine, pelvis, hip or knee; fracture, malignancy or active inflammation in the lumbar spine or pelvis; ankylosing spondilitis, Scheuermann's kyphosis, active polyarthritis, rheumatoid arthritis, or severe osteoporosis; hormone-induced pregnancy or in vitro fertilization [12] ; and/or pulmonary, cardiac, visual, auditive, or cognitive disorders.
The orthopaedic surgeon registered participants as patients if they had pelvic girdle pain as well as problems with daily movements, and if pain was induced by at least one of the following: (1) sacroiliac palpation; (2) manual distraction or (3) compression of the ilia [10] ; (4) Active Straight Leg Raising [22] ; (5) Posterior Pelvic Pain Provocation [24] .
Participants
Twelve healthy pregnant women and 12 pregnant women with PPP (throughout the paper referred to as ''patients'') took part in the study. Since heel contact data of one of the patients were missing, we removed all her data, which left us with 11 patients. On unpaired t-tests, there were no significant differences between the healthy subjects and the patients, respectively, in age (33.1 vs 33.5 years), weight (76.9 vs 74.4 kg), height (1.72 vs 1.68 m), and week (27.0 vs 28.9) or number of pregnancy (1.6 vs 1.8).
Experimental procedures
The experimental design and a large part of data processing were similar to those of earlier studies of gait kinematics [3, 14, 42] . In order to assess fear of movement, subjects completed the Tampa Scale for Kinesiophobia (TSK) [37] . Patients rated their current pain on a 100 mm Visual Analogue Scale (VAS).
The experimental task ( Fig. 1) consisted of walking on a treadmill (Biostar Giant TM , Biometrics, Almere, The Netherlands) at different velocities. Pelvis, lumbar segment, and thorax rotations were recorded by a 2 9 3-camera optoelectronic system (OptoTrak Ò , Northern Digital Inc., Waterloo, ON, Canada). Three light metal frames, each with a cluster of three infrared-emitting diodes (Fig. 1, inset) , were attached with neoprene bands to the pelvis (between the posterior superior iliac spines), the lumbar spine (at the level of L3), and the thorax (at the level of T6). In front of the subject, an optical flow field, synchronized to the velocity of the belt, was projected on a large screen to mimic walking on a road. To detect heel strike and toe-off, infrared-light emitting markers were placed on the heels and over the fifth metatarsophalangeal joints. The cameras were located 5 m behind the subject.
To become accustomed to the experimental set-up, subjects walked on the treadmill for 5 min. Then, treadmill velocity was increased with steps of 0.4 km/h, from 0.6 up to 6.2 km/h (a total of 15 ''velocity levels''). At each velocity, the participants were asked which velocity was most comfortable, and if the current velocity was too high. If so, the experiment was stopped, and the preceding level designated as their maximum walking velocity. Subjects walked for about 3 min at each velocity level. When they were accustomed to a new velocity, data were collected for 30 s at a sampling frequency of 100 Hz.
Data processing: rotational amplitudes
Kinematic data were low pass filtered with a 4th order bi-directional Butterworth filter with a cut-off frequency of 10 Hz. All calculations were carried out with custom-made MatLab (version 6.5) programmes.
We designated positive motion along the x-axis as forward, y to the left, and z as upward. For each segment (pelvis, lumbar segment, and thorax), rotations around the z-axis (''transverse rotations'') were calculated with respect to the global frame of reference. Heel strike was taken to coincide with the point of minimum vertical velocity of the toe marker, and toe-off with its maximum [30] . A stride cycle was defined as the time between two consecutive heel strikes of the same leg.
Pelvis, lumbar segment, and thorax rotational amplitudes were calculated as the absolute angular difference from maximum to minimum rotation within one stride cycle. The differences between these segmental rotations were designated as ''spine'' rotations, calculated by subtracting the relevant time series from each other: lumbar spine rotation as lumbar segment rotation minus pelvis rotation, thoracic spine rotation as thorax minus lumbar segment, and total spine rotation as thorax minus pelvis. Per velocity level, rotational amplitudes were averaged over all strides. Subjects walked on a treadmill at predetermined velocities, facing a landscape moving with the same velocity. At the pelvis, lumbar segment, and thorax, cluster markers were attached with neoprene bands. Each cluster marker carried three infrared emitting diodes (inset, bottom right), the movements of which were registered with two sets of three cameras each Data processing: timing of rotations Using a spline interpolation, we time-normalized stride cycles, and calculated an average stride cycle per segment rotation. Then, a sine with period 1 was fitted over it, using a least squares algorithm. In this way, it was ensured that the ''timing'' of the peak was that of the global pattern, not of a higher harmonic [13] . Thus, we could determine when in the stride cycle the maximum excursion of the segment took place, and if this changed with velocity. Since timenormalization was done with respect to heel contacts, and since angles were defined as described above, values close to 0 would imply that the segment rotated with the pendular movements of the upper leg, values close to 50 that the segment rotated opposite to the upper leg. Note, however, that the legs were not measured directly.
Data processing: relative Fourier phase
From the power spectra of the pelvis, the lumbar segment and the thorax time series, a windowed Fourier Phase was calculated by using a discrete fast Fourier transform algorithm. The window length was four times the period of the first harmonic; it was shifted sample by sample over the entire length of each time series. Pelvis, lumbar segment, and thorax Fourier phases were estimated for each window at the fundamental frequency of the thorax. The signal was then reconstructed in the time domain, yielding a continuous estimate of the Fourier Phase. Continuous Relative Fourier Phase (RFP) was calculated by subtracting the relevant time series: pelvis-lumbar segment RFP as lumbar segment Fourier Phase minus pelvis Fourier Phase, lumbar segment-thorax RFP as thorax minus lumbar segment, and pelvis-thorax RFP as thorax minus pelvis. To calculate mean RFP, circular statistics [7] were used. An RFP of 0°i ndicates in-phase coordination, and 180°anti-phase coordination (where the segments move in opposite directions).
Statistics
For one-dimensional group comparisons unpaired t-tests were used, and for the characterization of pain in the patient group a one sample t-test. Pearson correlations were calculated between kinesiophobia (TSK), pain (VAS), comfortable, and maximum walking velocity.
The effect of health status, walking velocity, and their interaction on all velocity-dependent variables was tested with Generalized Estimation Equations (GEE [cf. 16]), which consider measurements within participants as repeated measures. GEE allows for the analysis of designs with missing values-essential since not all patients could walk with all velocities. The interaction term was removed from the model if it proved not to be significant.
To compare inter-individual variability between the groups, we calculated the absolute differences between individual scores and their group means. Over these values, a GEE was conducted. Because in this analysis, we were interested in group differences only, only P-values for the effect of group and group 9 velocity will be reported, but not for velocity per se.
For t-tests, Pearson correlations, and Repeated Measures Analyses of Variance, SPSS (version 14.0) was used, and GEEs were performed with SPIDA (version 6.05). In all statistical procedures, P \ 0.05 was considered significant.
Results
Fear of movement, pain, and walking velocity Fear of movement (TSK) was significantly higher in the patients than in the healthy pregnant women (41.8 vs 30.8, P = 0.001). Patients' pain was significantly above 0 (mean VAS-score 44.6, SD 20.7; one sample t-test, P \ 0.0001).
Maximum walking velocity was lower in the patients than in the healthy pregnant women (4.4 vs 6.0 km/h, P \ 0.0001). Since none of the patients could walk faster than 5.4 km/h, we refrained from further analysis at velocities higher than 5.4 km/h. Comfortable walking velocity was not correlated significantly with age or height [2] , and we did not correct for these variables. Mean comfortable walking velocity was lower in the patients (3.0 vs 3.7 km/h, P = 0.005).
Within the patient group, the only significant correlation between pain, TSK, and maximum or comfortable walking velocity was found between TSK and maximum walking velocity (r P = -0.64, P = 0.03).
Rotational amplitudes
In both groups, pelvis rotational amplitude decreased for velocities up to 3.4 km/h, to then increase again (Fig. 2a) . GEE, revealed a (quadratic) effect of velocity on pelvis rotational amplitude (P \ 0.0001). The effect of group was also significant (P\0.0001), with larger pelvis rotations in the patients. There was no significant group 9 velocity interaction. Inter-individual variability of pelvis rotational amplitudes was significantly larger in the patient group (P = 0.03).
In the healthy subjects, lumbar segment rotational amplitude (Fig. 2b) decreased for velocities up to 4.4 km/h, to then remain more or less stable; in the patients, the pattern was more irregular. Overall, the effect of velocity was significant (P \ 0.0001), as was the effect of group (P = 0.001), patients having larger lumbar rotations. There was no significant group 9 velocity interaction in lumbar segment rotational amplitude per se, but there was such an interaction (P = 0.04) in the inter-individual variability of lumbar segment rotational amplitude, with larger variability in the patient group at the higher velocities.
Thorax rotational amplitude (Fig. 2c) decreased from 2.0 km/h onwards for both groups; this effect was significant (P \ 0.0001). Moreover, thorax rotational amplitude showed an effect of group (P = 0.01), again patients having larger rotations. No significant group 9 velocity interaction was found. Inter-individual variability of thorax rotational amplitude was significantly larger in the patient group (P = 0.04).
Rotations between the above segments ( Fig. 3) , i.e., between the pelvis and the lumber segment (lumbar spine rotation), between the lumbar segment and the thorax (thoracic spine rotation), and between the pelvis and the thorax (total spine rotation), increased significantly with increasing velocity (P-values \ 0.0001), but there was no significant effect of group, nor a significant group 9 velocity interaction. The inter-individual variability of these spinal rotations did not differ between groups.
Timing of rotations
The timing of pelvis rotations (Fig. 4a) changed significantly with increasing velocity (P \ 0.0001). From about 2.2 km/h onwards the peak of pelvis rotation shifted towards the beginning of the stride cycle. There was no significant effect of group or group 9 velocity interaction in the timing of pelvis rotations.
The timing of lumbar rotations (Fig. 4b) showed almost the same pattern, but lumbar rotations started to change somewhat later, from about 3.0 km/h onwards. The effect of velocity on the timing of lumbar rotations was significant (P \ 0.0001). No significant effects of group or group 9 velocity interaction were found.
Overall, the timing of thorax rotations (Fig. 4c) showed no significant effect of velocity or group, but there was a , and total spine (c) transverse rotational amplitudes in the healthy pregnant women (black) and the pregnant women with PPP (white). Error bars represent standard deviations significant group 9 velocity interaction (P = 0.04). With increasing velocity, the patient group shifted the peak of their thorax rotation more towards the beginning of the stride cycle, just as the pelvis and the lumbar segment.
The inter-individual variability of the timing of the pelvis and the lumbar segment revealed no significant effects of group or group 9 velocity interaction, but there was a significant group 9 velocity interaction in the variability of the timing of thorax rotations (P = 0.02), the patient group having larger variability at the higher velocities.
Relative Fourier phase
Relative phase between the pelvis and the lumbar segment increased for velocities up to 4.2 km/h, to then decrease (Fig. 5a ). The effect of velocity on pelvis-lumbar relative phase was significant (P \ 0.0001). There was no significant effect of group, but a significant group 9 velocity interaction was present (P = 0.008), patients having a lower relative phase at the higher velocities.
Lumbar segment-thorax relative phase (Fig. 5b ) increased with increasing velocity (P\0.0001). There was also a significant effect of group (P \ 0.0001), with lower relative phase in the patients, and a significant group 9 velocity interaction (P \ 0.0001), patients' relative phase remaining lower at the higher velocities.
A very similar pattern, with somewhat higher values, was found for pelvis-thorax relative phase (Fig. 5c) , with significant effects of velocity, group, and group 9 velocity (P-values \ 0.0001).
There were no group effects or group 9 velocity interactions in the inter-subject variability of any of the relative phase measures. 
Discussion
We compared healthy pregnant women with pregnant women who were suffering from Pregnancy-related Pelvic girdle Pain (PPP). In our study, the women with PPP were more afraid of movement than healthy women, were in pain, and had lower comfortable as well as maximum walking velocity. Among these variables, there was a significant negative correlation between fear and maximum walking velocity.
To the best of our knowledge, this is the first time that fear of movement was assessed in PPP. Walking velocity, on the other hand, was previously investigated, and reported to be lower [e.g., [41] [42] . Walking slowly appears to be a general characteristic of locomotor pathologies, while its exact causes remain largely unknown. Of course, an inability to generate the moments and forces necessary for walking may result in slow walking, but other than biomechanical factors may also play a role. Our current results suggest that fear, rather than pain itself, may be a factor that limits maximum walking velocity in PPP [cf. 18].
Segmental rotational amplitudes
We found increased rotational amplitudes of the pelvis, the lumbar segment, and the thorax in the patient group. For the pelvis and the thorax similar findings, albeit not significant, were reported earlier for postpartum PPP [40] . Still, this result may seem surprising since the patients suffer from pain in their pelvic girdle so that one could expect them to move their pelvis less. Nor is it likely that fear of movement would lead to an increase in transverse pelvic rotations during gait.
There was more inter-subject variability in all three rotational amplitudes in the patients, which appears to suggest that different patients select different strategies. Post hoc we inspected the relevant graphs and found in the patients that extreme values in one amplitude tended to coincide with extreme values in the other amplitudes, which did not appear to be the case in the healthy controls. Patients sometimes told us that they changed their walking strategy by consciously rotating the trunk, which may be what we see here. We know that PPP patients have problems with hip flexion during walking [35] , a circumstance possibly inviting patients to try-out different walking strategies. An alternative explanation would be that hip endorotator weakness [23] leads to more exorotation and thereby larger amplitudes of pelvis rotations [3] , but then it would need to be explained why the lumbar segment and the thorax follow suit.
Rotational amplitudes of the spine
Notwithstanding the fact that rotations of the pelvis, the lumbar segment, and the thorax were larger in the patients, rotations between these segments failed to show any effect of group, that is, we found no indications of a group effect on the rotational amplitudes of the lumbar spine, the thoracic spine, or the total spine. Spinal rotations did increase with velocity, but in a similar way for both groups. Note that the rotational amplitudes we found remained well below the passive range of trunk motion as reported in the literature [1, 19] .
The timing of rotations
In both groups, we found that the time of maximum pelvis rotation moved more towards the beginning of the cycle at higher velocities, as is normal in healthy non-pregnant subjects [3] . Although not studied earlier, it may be expected that rotations of the lumbar segment follow this pattern, as we found in the present study for both groups. In normal healthy subjects, the time of maximum thorax rotation remains unchanged, halfway the cycle, as in the controls of the present study. In our patient group, however, maximum thorax rotation occurred earlier at the higher velocities, ''attracted'', one could say, by the rotations of the pelvis and the lumbar segment. A similar strategy was also found in low back pain [e.g., 15, Fig. 1,  left panel] . In the present study, inter-subject variability of the timing of thorax rotations was larger in the patient group at higher velocities, indicative, again, of differences between individual adaptative strategies.
Relative Fourier phase
Relative phase between the pelvis and the lumbar segment had an inverted U-shape, apparently because the lumbar segment starts to change the timing of its peak rotation at somewhat higher velocities than the pelvis (Fig. 5) . This was more or less the same in both groups. Between the pelvis and the thorax, as well as between the lumbar segment and the thorax, relative phase was larger in the healthy controls, especially at the higher velocities. For pelvis-thorax relative phase, this has been reported earlier for post-partum PPP [40] .
An interpretation
The four major results of our present study are (A) segmental rotations were larger in patients, (B) spinal rotations were not larger in patients, (C) thorax timing moved towards earlier in the stride cycle at higher velocities in patients, (D) pelvis-thorax and lumbar segment-thorax relative phase were lower at the higher velocities in patients.
Since phase-relationships were non-zero, result A would lead to the opposite of B, unless something else changed, that is, C and/or D. We propose the following interpretation. Some patients select gait strategies with larger rotations (A) to overcome their problems with walking, and then avoid larger spinal rotations (B) by adjusting the timing of the thorax at higher velocities (C), leading to a reduction of relative phase (D). If this interpretation is correct, it would remain to be investigated why strategies with larger rotations appear to be so attractive, if such strategies do in fact deal with the underlying problems, and what the major disadvantages of such strategies would be, if any.
Note that we found more variability in the patient group for rotational amplitudes (A) and the timing of thorax rotations (C), but not in the other variables. We believe that if the nervous system is confronted with a problem, adaptive strategies are stochastically produced and then selected-''contingent adaptation'' [36] . Thus, in our interpretation, the fact that more variability was seen in rotational amplitudes and the timing of thorax rotations, can be taken as a sign that these are the variables used by the nervous system to adapt to the problems at hand.
In low back pain, larger segmental rotations have not been reported so far [13, 14] , while pelvis-thorax coordination appear to be altered in the same way as in the present study, and a published Figure [15] suggests that the timing of thorax peak rotation changes in the same direction as we found for the PPP patients. If confirmed, this would have two important implications. First, that walking with larger pelvis rotations (followed by similar lumbar segment and thorax rotations) is specific to PPP. Second, that the adaptation in the timing of the thorax, hence in relative phase, is not specific to either PPP or low back pain, but rather a general preventive mechanism to avoid excessive torsional strain in the spine and/or the sacroiliac joints.
Limitations of the present study In order to control velocity, we used treadmill walking, which may have an overall [39] , but most likely no differential effect on gait kinematics. Sample sizes in the present study were small, but still, we found significant differences, suggesting these differences to be large.
Clinical implications
A variety of changes in motor control and coordination have been reported for PPP or pregnancy-related low back pain [e.g., 4, [33] [34] 42] . In the present study, gait was found to be altered, not only is it slower, but at least some of the patients walk with larger pelvis, lumbar segment, and thorax rotations, possibly as an adaptation to underlying problems. The risk of increasing torsion in the sacroiliac joints or the spine, appears to be under control by changing the timing of peak thorax rotations so that they occur earlier in the stride cycle at higher velocities, leading to lower pelvis-thorax and lumbar segment-thorax relative phase at higher velocities.
It has been suggested that such a walking pattern is less stable than normal walking [3] , which could lead to higher energy consumption, not analysed in the present study, and a feeling of being insecure, as corroborated in the present study by the fact that the patients, in general, were afraid of movement, which may be [18] related to the limitation of maximum walking velocity in PPP.
The fact that some still regard PPP as a ''fashionable disease'' [31] may contribute to the discomfort of the women in question, and any objective finding, such as in the present study, will help to taking patients seriously. Exercise therapy and acupuncture were reported effective in PPP [29] , but the effects are small, and there is a lack of high-quality studies. We propose to use changes in walking kinematics as dependent variables in higher quality intervention studies. Last but not least, exercise therapists should know that women with PPP may avoid excessive spinal rotation during gait. As long as such avoidance is adaptive, exercise should exploit it. On the other hand, if the altered gait pattern persists after the original trauma has healed, patients have to relearn normal walking.
Conclusion
The results of the earlier study on postpartum PPP were confirmed for PPP during pregnancy: lower walking velocity, larger horizontal rotations during gait, and a reduced relative phase between these rotations at the higher walking velocities. Moreover, the mechanism underlying this lagging behind of relative phase is becoming clear: an earlier peak of thorax rotations at higher velocities appears to reduce relative phase in PPP, probably to avoid excessive rotational torque in the sacroiliac joints and the spine.
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